This research on a 2-link pneumatic manipulator develops from the occurrence of chaos phenomena and it's stabilizing control in following a circular trajectory by considering a dead time in the system. In generally it is difficult for this manipulator to follow a desired trajectory, because chaos is often caused in the manipulator with a dead time of the pneumatic signal transmitted through the long air tube. In order to solve this kind of problem, the chaos behavior is made clear by recording the Lyapunov exponent of the trajectory, and a new stabilizing method with a neural network is proposed. Through simulations and the experiment, the occurrence of chaos and the possibility of stabilization are verified by using the proposed method.
Occurrence of Trajectory Chaos and It's Stabilizing Control
Due to Dead Time of a Pneumatic Manipulator
Introduction
Pneumatic type robots are used over a wide range, the relaxation of collision forces in contact operation and soft movements are possible. The driving system of pneumatic robots has lower-costs than for hydraulic robots. They are also excellent in saving labor and for environmental protection. Moreover, pneumatic robots are more excellent compared with electric robots, because they are explosion safe. Pneumatic robots can therefore be used in situations where are particularly dangerous such as in mining production, chemistry, petroleum and painting industry. As an explosion-proof countermeasure, the distance between a pneumatic actuator and an Electric-Pneumatic transducer (noted as E-P transducer below) is connected by long air tube. However, as for the problem in the control of pneumatic robot manipulators, it often causes hunting (1) due to the dead time in the transmission delay of the pneumatic signal.
The authors have already described (2) the analysis of the hunting phenomena and the stabilizing control of a 2-link pneumatic manipulator, which considered the dead time in transmission of an air signal and the influence of friction in air motors. Furthermore, the effectiveness was verified in simulations and experiments for the control of the PTP position of this manipulator (3) . Generally, there are already some publications about the analysis of the dynamic behavior of nonlinear vibrations with dead time (4) . However, there is no reported research where the nonlinear vibrating system easily generates chaos due to the existence of a dead time. In our research, the chaos detection method considering the dead time and its suppression by a newly proposed neural network (noted as NN below) control for following a circular trajectory in a 2-link pneumatic manipulator are considered.
First, it is important to examine whether the generating vibration is chaos or not. The Lyapunov exponent is widely used to decide this. However, when the system includes a dead time, it is difficult to accurately calculate the Lyapunov exponent using known methods (5) , (6) . In this research, the Lyapunov exponent is calculated through the attractor reconstruction includes a dead time from the time-series data, and the decision method for chaos is performed by the attractor reconstruction.
Next, in order to restrain the irregular vibration as unfavorable chaos, the conventional PD control is not effective to realize the stabilization. Therefore, a new stabilizing method is proposed. The NN is used as a controller that has abilities of learning and memory. Then, a stabilizing control for chaos can be realized by the NN control for following a circular trajectory, and the effectiveness was also verified.
Design of Pneumatic Manipulator

1 Structure of pneumatic system
The structure of the pneumatic robot in this study is shown in Fig. 1 . The control principle of the installation is as follows. The angles between the arms of the 2-link manipulator are detected by potentiometers, and they are transmitted to a computer by an A/D converter. According to the real-time software in this computer, a voltage signal is sent to an E-P transducer by a D/A converter, and the air pressure is controlled through the E-P transducer. Finally follows the transmission of the air pressure through the air tube to the pneumatic rotary actuator. The experimental system of a 2-link pneumatic manipulator is designed as shown in Fig. 2 (details in Ref. (3)). This system is constituted by the manipulator, air motors, air tubes transmitting the pneumatic signal, E-P transducers converting the electric signals into pneumatic signals, measurement equipments and a computer with the real time control. 
2 Dynamics equation and transfer function
A diagram of the 2-link pneumatic manipulator is shown in Fig. 3 . The experiment device of a 2-link pneumatic manipulator is shown in Fig. 4 . In the case of a horizontal plane arm setting, the arms of the 2-link are homogeneous, the masses are m 1 and m 2 , the lengths are 2l 1 and 2l 2 , and the distance to center of gravity of each arm is l 1 and l 2 , respectively.
The vector equation of motion includes joint angles
T , the velocityθ and the accelerationθ etc. The dynamics of the 2-link pneumatic manipulator can be represented in the general form (2) , (3) ,
where 
When the length of the air tube is short from 2 [m] to 20 [m] , the transfer function (1) , (7), (8) of the air tube can be expressed by Eq. (6) . When the length is longer than 20 [m], the transfer function can be expressed by Eq. (7),
where ω L is the natural frequency, ζ L the damping coefficient, L the dead time, and T L the time constant. The relationship of parameters between the length of air tube (ATL: Air Tube's Length) and dead time (3) , etc. is shown in Table 1 .
The pneumatic motor is strongly affected by nonlinear friction. For expressing the different frictions of low and high velocity displacements, a friction model is used with an exponential function with a negative gradient. In the slip stage, nonlinear friction is assumed fit to experimental data as follows:
The transfer function of E-P transducer that converts electric signal into the air pressure signal can be expressed as follows (1) .
Where K n is the gain, ω n the natural frequency, ζ n damping coefficient. Each parameter is obtained as follows. 
Lyapunov Exponent
1 Attractor reconstruction with embedding theorem
In order to obtain the Lyapunov exponent from the time-series data, it becomes necessary to reconstruct an attractor in a higher-order space. At present, the most used method in this attractor reconstruction is embedding in a system of coordinates to a delay time.
The conversion relative to a delay time in coordinates is given as follows: the time-series data are {x(0), x(1),..., x(t),..., x(n)} (9) . The size of the delay time τ, in the reconstruction state space of dimension m is formed by vectors as in the next formula. According to F. Takens when the dimension of original dynamic space is denoted by M, the dimension of the reconstruction state space is m ≥ 2M + 1. Equation (10) is due to the fact that conversion to the reconstruction state space is an embedding following the observation period series. It is proven (10) with the embedding theorem of Takens. With this theorem, the value of the delay time τ is optional except for special cases. The orbit is reconstructed by an embedding of the time-series data in the multi-dimensional space as shown in Fig. 5 .
2 Detection method of embedding delay time
Some detection methods for the delay time τ are suggested. A representative method (11) , (12) is that the time of 1 of several parts of the principal period of the time-series data, the time where the autocorrelation function of the time-series data first becomes 0, and the time after that the mutual information of the time-series data first takes a minimum.
However, when the dead time L is included in this system, it is difficult to reconstruct the attractor satisfac- torily with those detection methods. Therefore in this research, τ is decided by using the Eq. (11) (13) .
Here, L is the dead time and ∆t is the sampling time of time-series data.
3 Calculation of Lyapunov exponent
Several methods of calculating a Lyapunov exponent have been already reported. Here, as shown by Wolf (14) , a method is applied to quantize expansion and the contraction of a minute changes while tracing the orbit. In this method, the Lyapunov exponent can be directly presumed by measuring this distance between the orbits.
At first, a point Y 0 (t 0 ) on the attractor reconstruction is considered more close to the initial data y(t 0 ). In this time, it is assumed to only have the distance L 0 between Y 0 (t 0 ) and y(t 0 ). Two orbits develop until the mutual distance develops as in Eq. (12) . This relation between L 0 and L 0 is expressed by Eq. (13), and then, the λ is called as the Lyapunov exponent.
Next, the approached point Y 1 (t 1 ) is calculated by the distance L 1 to a standard point y(t 1 ). In this time, the direction of Y 1 (t 1 ) approaches that of Y 0 (t 1 ). Then, this process is repeated itself until the time-series data come to an end. By this way, the Lyapunov exponent is given by Eq. (14) . With Eq. (14) , when λ is positive, that behavior of hunting is chaotic, and when λ is zero or negative, the behavior is the equilibrium point or a periodic solution.
Following Circular Trajectory
In order to examine the occurrence of chaos for the pneumatic servo system including a dead time, a control 
1 Case without dead time
Using the block diagram in Fig. 6 , a simulation result without dead time is shown in Fig. 7 . Figure 7 (a) is the followed circular trajectory of the arms' tip, and Fig. 7 (b) is the position error (the difference between the desired trajectory and the followed trajectory). As in Fig. 7 , it is converged in the circular trajectory without a vibration of the arms' tip. In addition, the position error becomes zero, and then it is verified that the following trajectory can be realized at high accuracy.
2 Case with dead time
Next, dead time in signal transmission is assumed for the simulation.
2. 1 Case with dead time 0.06 [sec]
For a dead time L of 0.06 [sec] (the length of the air tube is 20 [m]), the simulation results are shown by Fig. 8 . In Fig. 8 (a) , the arms' tip follows the circular trajectory, it expresses hunt- In order to judge the behavior of hunting, by the method in section 3, the attractor is reconstructed, and then the Lyapunov exponent is inspected. The embedding delay time τ is 60 [step] (∆t = 0.001 [sec]/step) which is given by Eq. (11). The time-series data regarding the velocity displacement of arm 2 is shown in Fig. 8 (c) . Using the time-series data, the reconstructed attractor is shown in Fig. 9 (a) .
Finally, according to Fig. 9 (a) , the calculation of the Lyapunov exponent is obtained by Fig. 9 (b) while changing the embedding dimension from 3 to 10. From Fig. 9 (b) , at all embedding dimensions, λ attains negative values, and hence, the hunting is shown to be a periodic vibration.
2. 2 Case with dead time 0.23 [sec]
For the dead time of 0.23 [sec] (the length of the air tube is 60 [m]), the results are shown in Fig. 10 . In comparing with Fig. 8 (a), Fig. 10 (a) is obvious that the hunting is stronger, and cannot converge to the desired trajectory with large amplitude. In Fig. 10 (b) , the position error also becomes oscillatory hunting over a large range
In this case, the time-series data with velocity displacement is shown in Fig. 10 Fig. 10 (c) , the three dimensional attractor is reconstructed and shown in Fig. 11 (a) .
Derived from Fig. 11 (a) , at all embedding dimensions, the Lyapunov exponent λ becomes 3.2 and positive as in Fig. 11 (b) , so that the chaos occurence can be concluded from this behavior.
Furthermore, when the length of dead time L is changed, the result of a bifurcation map is described in Fig. 12 . Here, the Lyapunov exponent is obtained as embedding dimensions 6.
In Fig. 12 , in the range of L = 0.04 ∼ 0. , and then it is verified that chaotic phenomena occur by using Lyapunov exponent. Therefore, in this research, the fact has been shown by that chaos phenomenon may occur in the certain range by this bifurcation map.
Depending upon the results above, when the dead time of the air tube becomes longer than in section 4.2.2, it was verified by the manipulator that the chaos phenomenon also generated.
Stabilizing Control of Chaos
1 Stabilization method due to NN control
The behavior of the control system with a dead time and nonlinear friction is comparatively complicated, and it is difficult to realize stabilization only with a conventional PD control (3) . In this study, a new stabilizing method of chaos is proposed by using NN control combined with the PD control that has the Feedback Error Learning (FEL). The block diagram of chaos control with NN controller is shown in Fig. 13 .
The input signals of the NN are the joint angle θ and angular velocityθ of each arm in Eq. (1). The learning of the NN is performed so that the error between the desired joint angle θ d and the joint output angle θ can be minimized by BP (15) type online learning control. In this research, let E be the squared difference between the radius r θ which follows the circle, and the radius r d of the desird trajectory. For the learning evaluation, the error function E is defined as in Eq. (17).
In this learning the RMS error is calculated by RMS = √ E.
2 Simulation
In order to stabilize the chaos phenomenon in section 4.2.2, the chaos stabilization is fulfilled by using FEL combined with the NN and PD control, as shown in Fig. 13 . The error is given in Eq. (18) of the desired state θ d (t) and the actual value θ(t).
Here, t is the control real time. However, when a dead time L is considered, it is defined as in Eq. (19).
We use Eq. (19) as error signal in this learning. Since in this system the nonlinear can be learned accurately by a BP type NN, the learning is suitably executed with Eq. (19) that uses the coefficient of the input layer and the intermediate layer of the NN. In order to minimize e(t−L), the Chain Rule is used in the calculation of e(t − L)'s partial differential error gradient for a unified neuron coefficient of the NN. Furthermore, the least square mean error method, the steepest descent procedure and the moment method are used in the learning of the NN (3) . As a result, it is possible that the error signal asymptotically becomes zero even under the influence of the dead time.
The simulation result is shown as Fig. 14 (a) . The learning time of the NN control is 20 [sec] . The sampling time is 5 [ms] , and the RMS error is shown in Fig. 14 (b) . Figure 14 (a) proves that the chaos of the arm is prevented, and that the ensuing strong hunting is also suppressed while following the circular trajectory. In Fig. 14 (b) , the number of samples is 4 000 [times], the RMS error has become 0.005, and the tip converged on the desired trajectory. The calculation of the Lyapunov exponent became zero, we therefore confirmed that the chaotic phenomenon was prevented.
We conclude therefore, that with the proposed NN control, it is possible to prevent chaos in following a trajectory, and to improve the precision.
Stabilization Experiment
Because only the PD control is not able to realize the stabilizing control in the nonlinear system, chaos in the 2-link pneumatic manipulator is easily caused by the arms, and the tip cannot arrive at the desired trajectory. In order to show the effectiveness and practicability with the proposed FEL of NN control, we verified the stabilization experiment of following the trajectory by using the experimental equipment in Fig. 2 .
1 Experimental conditions
The pneumatic signal of the E-P transducer is controlled by using the controller which combines NN and PD control due to RTLinux (16) . The signal is transmitted through long air tubes, and the displacement of the arms is effected with driving the air motor. The displacement angles of two arms are converted into electric signals by two potentiometers, and the signals are transmitted to the computer by an A/D converter, according to which a feedback control circuit is activated. The internal diameter of the air tube is 6.00 [mm], the range of air pressure is 0. 
2 Experimental results
The initial position and the desird trajectory of the arms are the same as in section 4.2.2, and the length of the air tube is 60 [m] . The result of following the trajectory due to the NN control is shown in Fig. 15 (a) . The chaos of the arms was prevented, and the stabilizing control was realized by the application of the NN compensator. Here, the gains of PD control are given as (P 1 = 10, D 1 = 1 [sec]) of arm 1 and (P 2 = 8, D 2 = 2 [sec]) of arm 2 .
When the learning condition is the same as section 5.2, and the number of samples was 4 000 [times], the RMS error became 0.008 from Fig. 15 (b) . The transient response characteristics of the tip is improved, and the followed trajectory asymptotically converged to the desired trajectory. Furthermore, the calculated Lyapunov exponent became zero as in the case of the simulation, confirming that the chaos characteristic has been eliminated from the control result. Therefore we were able to verify the simulation results with the stabilization experiment.
Conclusions
In this research, a circular trajectory followed is controlled by the NN control in a 2-link pneumatic manipulator, and a dead time is given by the nonlinear system. Chaos behavior to occur is elucidated, and a strategy for the stabilizing control is also described in this paper. As results, we observe:
( 1 ) The method of calculating the Lyapunov exponent was proposed by the attractor reconstruction considering a dead time from the obtained time-series data.
( 2 ) From the time-series data, it was decided by the proposed method whether the generating hunting in the manipulator is chaos or not.
( 3 ) In order to prevent chaos phenomena, a new method of stabilization was proposed by the NN control. And it was verified by simulation and experiment that the control of following a circular trajectory can be realized.
From the above results, we verified that the proposed method is an effective and practicable stabilization control for preventing chaos.
